Abstract Sixteen honeydew and 15 floral honeys from Lebanon were analyzed for pollen spectra and physicochemical parameters. A total of 37 families and 67 taxa were recorded with the honeybees producing honeydew honey exhibiting a more diverse foraging behavior than those making floral honeys. The honeydew and floral honeys exhibited differences in moisture content, pH, electrical conductivity, color, protein and Maillard reaction products. The honeydew honeys contained more total phenols, had higher antioxidant contents, and displayed higher antioxidant capacities than the floral samples in the Trolox equivalent antioxidant capacity, oxygen radical absorbance capacity, inhibition of superoxide dismutase activity and protection of red blood cells against hemolysis assays. The honey samples exhibited higher antioxidant capacities, in the aforementioned assays, than their corresponding methanol-extractable phenol fractions although the differences did not reach statistical significance in the floral samples. The relative antioxidant capacity indices which integrate measures of antioxidant capacity from the different assays of the honey samples and their corresponding extracts exhibited similar patterns (r = 0.9774, 0.9937) thereby indicating that the antioxidative behavior of the entire honeys is mirrored by their methanol-extractable phenolic fractions.
Introduction
Honey is a natural sweet substance produced by honeybees through foraging of different plants, transforming the collected material in their bodies into a liquid and depositing the liquid in the cells of honeycombs. The properties of honey are shaped to a large extent by the plants foraged by the honeybees. Within this context, two major types of honey are recognized: Floral honey which is derived from the nectar of flowering plants and honeydew honey which is obtained from the secretions of plants and/or excretions of plant-sucking insects. Honeydew honey is produced by honeybees through collecting the sugar-containing substances, excreted by insects after sucking and transforming the sap of conifer trees (e.g. fir, oak, chestnut, elm, hazel), and subsequent maturing in the honeycombs (Diez et al. 2004) . Honeydew and floral honeys differ in a host of chemical, physicochemical and sensory properties and functionality (Manzanares et al. 2011) . Honey has been used by humans for millennia as food and medicine (Ajibola 2015) . Honey is prized by humans as food due to its sweet taste, pleasant flavor and high sugar content (*80%) which serves as a ready source of energy. The medicinal properties of honey are varied and include antibacterial, anti-inflammatory, wound healing, immunity boosting and scavenging of reactive oxygen species (Ajibola 2015) . The medicinal effects of honey are largely modulated by its antioxidative components. The antioxidant activity of honey is attributed to a number of substances including enzymes (catalase, glucose oxidase, peroxidase) ), proteins (Chua et al. 2015) , amino acids (Perez et al. 2007) , carotenoids (Erejuwa et al. 2012) , Maillard reaction products (MRPs) (Brudzynski and Miotto 2011) and phenols (Alvarez-Suarez et al. 2012) . The phenolic fraction of honey comprises diverse classes of compound and is largely responsible for the observed differences in the antioxidant activities of honeys (da Silva et al. 2016) . The attribution of the antioxidant activity of honey to its phenolic fraction is based on the consistent and high positive correlations between antioxidant capacity and the total phenols (TP), study of the antioxidant activities of the phenol fractions separated on XAD-type hydrophobic resins and profiling of the compounds found in the separated phenol fractions (Ferreira et al. 2009; Gheldof et al. 2002) . The methanol fraction eluted from XAD-2 resins is comprised chiefly of flavonoids, phenolic acids and some phenolic polymers (Alvarez-Suarez et al. 2010 ) and has been reported to exhibit marked differences in antioxidant activity among honeys with contrasting antioxidant capacities (Dong et al. 2013) . Notwithstanding the presumed role of the phenolic fraction in modulating the antioxidant capacity of honey, little is known about the contribution of the other antioxidant principles of honey viz. enzymes, amino acids, proteins, carotenoids and MRPs. A plausible approach for resolving the contributions of the phenolic fraction and the other antioxidant principles to the antioxidant functionality of honey would entail comparison of the antioxidant capacities of whole honeys and their phenolic fractions.
The antioxidant capacity of foods is usually determined by chemical tests which measure the different facets of antioxidants' action (radical scavenging, metal reducing, quenching of superoxides) and biological tests which measure the protective effects of antioxidants against cellular damage by free radicals. A holistic measure of the antioxidant capacity of foods entails quantification of the different mechanisms through which antioxidants exert their effects by a combination of different assays (Tabart et al. 2009 ). Accordingly, the antioxidant capacities of honeys and their methanolic fractions were determined by measuring their antioxidant contents and the Trolox equivalents antioxidant capacity (TEAC), oxygen radical absorbance capacity (ORAC) and superoxide anion scavenging capacity by the superoxide dismutase (SOD) activity assays and protection of red blood cells (RBCs) against hemolysis by free radicals.
There is a long history of apiculture in the Eastern Mediterranean and reports indicate that honey has been used for millennia in the Levant for healing purposes (Lev 2003) . Apart from the honeys from Greece (Karabagias et al. 2016) and Turkey (Can et al. 2015) , little or no information exists on honeys from the other Eastern Mediterranean countries. Geographically, Lebanon rises steeply from the coast to mountains 3088 m high giving rise to diverse microclimates which support one of the highest densities of floral diversity in the Mediterranean basin renowned for being one of the most biologically diverse regions of the world (MOE 2001) . However, no studies have reported on the properties of honeys from Lebanon. Therefore, the objectives of the present work are to: (a) characterize the physicochemical and melissopalynological properties and antioxidant capacity of floral and honeydew honeys from Lebanon, and (b) investigate the contribution of the methanolic fraction to the antioxidant functionality of honey through critical assessment of the antioxidant capacities of whole honeys and their methanolic phenol fractions.
Materials and methods

Honey samples
Thirty one locally-produced honeys were collected from the different regions of Lebanon. The honeys were harvested between April and October of 2012 and, as stated by the beekeepers, 15 were floral and 16 honeydew. The samples (*1 Kg) were placed in glass containers and stored in the dark at 20°C.
Chemicals
Chemicals, XAD-2 resin, and WST-based SOD determination kit were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Chemical and physicochemical analyses of honey samples
Moisture, proline and hydroxymethylfurfural (HMF) contents and pH and electrical conductivity of the honey samples were determined according to the International Honey Commission (IHC 2009).
The protein content was determined by the Bradford method (Bradford 1976 ) and expressed in mg bovine serum albumin/100 g honey (Cimpoiu et al. 2013) .
The color intensity was determined by measuring the absorbance of an aqueous solution of honey (50% w/v) at 720 and 560 nm and expressed as the net absorbance (A 560 -A 720 ) (Beretta et al. 2005) .
The MRPs contents were determined by measuring the absorbance of an aqueous solution of honey (50% w/v) at 720 and 450 nm and expressed as the net absorbance (A 450 -A 720 ) (Brudzynski and Miotto 2011) .
Pollen analysis
Analysis of pollen and honeydew elements (HDE), comprising fungal elements and yeasts, was carried out according to Louveaux et al. (1978) using a LEICA DFC300 FX microscope interfaced to a DFC 300 FX digital TV camera (Heerbrugg, Switzerland). The family and, whenever possible, the species, and type of plant (nectariferous or nectarless) foraged by the honeybees were determined by counting a minimum of 500 pollen grains. The frequencies of the different pollen types were grouped into the following classes: predominant pollen ([45%), secondary pollen (16-45%), minor important pollen (3-15%) and minor pollen (1-3%). The numbers of HDE were determined and the honeydew indices (number of HDE/number of pollen grains from nectariferous plants) of the honey samples were calculated. The pollen diversity of the honey samples was assessed by computing the Shannon-Weaver index H 0 ¼ À P n 1 p i . ln p i where p i is the proportion of pollen i in the sample (Ramírez-Arriaga et al. 2011 ).
Isolation of the methanolic fraction from honey
The methanolic fractions of the honeys were isolated according to Dong et al. (2013) . A solution of honey in acidified water (pH 2.1 with HCl) was passed through a column of Amberlite XAD-2 resin (25 9 2 cm) and after washing with acidified water and deionized water, the phenolic fraction was eluted with methanol. The methanol fraction was evaporated to dryness at 40°C, under reduced pressure, weighed and stored at -20°C until analyzed.
Total phenols and antioxidant assays of honeys and methanolic fractions
Determination of total phenols
The total phenols (TP) contents were determined by the Folin-Ciocalteu reagent as described by Saxena et al. (2010) . Honey (60 lL; 0.05 g/mL) or methanolic extract (60 lL; 1 mg/mL) were used in the determinations and TP contents were expressed as mg of gallic acid equivalents/ 100 g honey.
Determination of antioxidant content
The antioxidant contents of honey and the methanolic extracts were determined according to their ability to reduce the DPPH radical as described by Meda et al. (2005) . When working with the methanolic extracts, an appropriate dilution of the dried extract in methanol containing an equivalent amount of phenolics as the honey solution was used. The antioxidant content was expressed as mg of ascorbic acid equivalent antioxidant content (AEAC)/100 g honey.
Trolox equivalents antioxidant capacity (TEAC) assay
The TEAC assay which measures the ability of hydrogendonating compounds to decolorize the 2,2 0 -azinobis(3-ethylbenzothiazoline-6-sulfonic acid) cation (ABTS ?• ) was carried out according to Oddo et al. (2008) . TEAC was expressed in lM Trolox equivalents/100 g honey.
Oxygen radical absorbance capacity (ORAC) assay
The ORAC assay which measures the degree of protection of fluorescent probes (fluorescein) by antioxidants against decay by free radicals generated by 2, 2 0 -azobis (2-methylpropionamidine) dihydrochloride was carried out according to Gillespie et al. (2007) . The ORAC values were expressed in lM Trolox equivalents/g of honey.
Scavenging of superoxide anion by inhibition of SOD assay
The assay was carried out using the WST kit as per the manufacturer's recommendations. The superoxide anion generated by xanthine oxidase reduces WST (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl) 2H-tetrazolium, monosodium salt) to WST-1 formazan which absorbs strongly at 450 nm. In the presence of SOD the rate of formation of the WST-1 formazan chromophore is decreased through reduction of the superoxide anion. Hydrogen-donating antioxidants inhibit SOD action by competing for reduction of the superoxide anions. The antioxidant capacity of the honey samples and their methanolic extracts were expressed as % inhibition of SOD.
Protection of red blood cells (RBCs) against hemolysis assay
The protection of RBCs against hemolysis by honey or methanolic extracts was carried out according to Tabart et al. (2009) . RBCs were obtained from healthy individuals after informed consent. The protection of RBCs against hemolysis was expressed in mM TE/100 g honey.
The relative antioxidant capacity indices (RACI) (Sun and Tanumihardjo 2007) of the honeys and their extracts were computed by averaging the z-scores (z ¼ xÀl r , where x is the raw value, l the mean and r the standard deviation) of the antioxidant content, ABTS, ORAC, SOD and hemolysis of RBCs assays.
Determinations were carried out in triplicate. The study was approved by the Institutional Review Board of the University.
Statistical analysis
The chemical/physicochemical parameters and the Shannon-Weaver diversity indices of the honeydew and floral honeys were compared by unpaired two-tailed t tests. The antioxidant assays of the honey samples and methanolic extracts were subjected to one way ANOVA and means were separated by the Fisher-Hayter version of the least significant difference test when the F values were significant (Williams and Abdi 2010 
Results and discussion
Pollen analysis of honeys
Sixty seven types of pollen belonging to 37 families were identified in the honeys (Table 1) . Among the floral honeys, 2 samples are considered monofloral with one being vetch honey containing [45% Vicia sativa pollen and the other citrus honey with the underrepresented citrus pollen being present at 15% (Louveaux et al. 1978) (Table 1 ). The preponderance of multifloral honeys (87%) in the floral samples is indicative of a highly heterogeneous foraging behavior of the honeybees presumably due to the absence of expansive regions of land cultivated by a major crop and/or supporting major vegetation. The high frequency of multifloral honeys was also related to the high floral diversity in Lebanon (MOE 2001) and the practice of moving the beehives to different areas in the country to exploit the different flowering periods. Further, the floral and honeydew honeys exhibited broad spectra of pollens with Shannon-Weaver indices of 5.4 ± 1.14 and 6.1 ± 0.66, respectively. The greater diversity (P = 0.05) of the pollen in the honeydew samples is due to the dearth of pollen in the syrupy secretions of the trees which drives the honeybees to forage multiple types of plants to satisfy their need for pollen. The honeydew samples also contained more pollen from nectarless plants than their floral counterparts possibly because these pollens were deposited through wind on the syrupy materials on trees which served as the starting material for honey processing by the bees (Manzanares et al. 2011) . The HDE indices of the honeydew samples ranged between 0.92 and 1.38 with mean value of 1.04 ± 0.11 which was lower than the cut-off C3 for honeydew honeys according to the classification scheme of Louveaux et al. (1978) . HDE indices of 0.16 (Escuredo et al. 2012 ) and 0.3 (Manzanares et al. 2011) have been reported for Spanish honeydew honeys thereby suggesting that the HDE index was not a robust indicator of honeydew honey.
Chemical and physicochemical parameters of honey samples
The moisture contents of the honey samples were lower than the cut-off value at B20% (da Silva et al. 2016) with the exception of one floral sample which had a marginally higher value of 20.2% (Table 2 ). Moisture is the major determinant of honey stability and is largely determined by the practices of the honey producer during harvesting. The honeydew samples had lower moisture (P \ 0.000) than their floral counterparts possibly to confer on them a more viscous consistency desired by the local consumers.
HMF contents of the honeys were lower than the limit of 40 mg/Kg (da Silva et al. 2016) . HMF is an indicator of honey freshness and its content increases upon thermal treatment applied on honey and/or storage at high temperatures (Bath and Singh 2001; Kędzierska-Matysek et al. 2016; Singh and Bath 1998) . Conflicting results on HMF contents of honeydew and floral honeys have been reported with some workers reporting higher values for honeydew honeys (Manzanares et al. 2011 ) while others noting no differences (Escuredo et al. 2012) . No differences (P = 0.059) in HMF contents were observed between honeydew and floral honeys with the maximum value registered for HMF being 28.38 mg/Kg thereby indicating that all the samples are considered fresh.
The proline contents of the samples were higher than the proposed limit of 180 mg/Kg (da Silva et al. 2016) for properly ripened honey except for one floral (169.39 ± 3.52 mg/Kg) and a honeydew sample (171.20 ± 7.86 mg/Kg). Values \ 180 mg/Kg have been reported for some certified honeys (Hermosín et al. 2003) . Proline is derived from the salivary secretions of the honeybees during conversion of the nectar to honey. The honeydew and floral samples did not exhibit differences (P = 0.203) in proline contents in contrast to the higher values reported for honeydew honeys (Manzanares et al. 2011) .
The proteins of honey are mainly enzymes secreted by honeybees during processing of the nectar to honey and 
Family
Pollen type Honeydew honey Floral honey enzymes and proteins derived from the collected nectar and pollen, and royal jelly proteins (Iglesias et al. 2006 ). The protein contents of the samples were similar to those reported (da Silva et al. 2016) with the honeydew honeys containing more proteins (P = 0.039) as noted by other workers (Cimpoiu et al. 2013 ). All samples had pH values \ 7 consistent with the acidic nature of honey. The honeydew honeys had higher pH (P \ 0.000) than the floral samples in line with other findings (Manzanares et al. 2011) .
Honeydew samples exhibited higher electrical conductivity than the cut-off level C80 mS/cm (da Silva et al. 2016) . The electrical conductivity of honey is governed by the levels of minerals and the content and ionization of organic acids in the product. The higher electrical conductivity of honeydew honeys is due to their higher mineral contents (Escuredo et al. 2012 ) and their relatively-high pH values which promote greater ionization of amino and organic acids. The higher electrical conductivity of honeydew honeys corroborates earlier reports (Escuredo et al. 2012) .
Honeydew honeys contained higher levels of TP (P \ 0.000) than the floral samples. The phenols in honey are grouped into flavonoids and phenolic acids and range from monomers to high molecular weight polymers (da Silva et al. 2016) . The TP of the floral samples are higher than those reported for multifloral honeys from Turkey (29.54 ± 12.71 mg GAE/100 g) (Can et al. 2015) and lower than those from Burkina Faso (70.67 ± 16.75 mg GAE/100 g) (Meda et al. 2005) while the TP of the honeydew samples were comparable to those of Romanian honeys ).
Honeydew honeys exhibited higher antioxidant contents (P \ 0.000) than the floral samples. This finding is consistent with the reported increase of antioxidant content with increasing darkness of the honey color (Meda et al. 2005) . The antioxidant contents of the floral samples were higher than those reported for Indian (15-30 mg AEAC/ 100 g) (Saxena et al. 2010) and Burkina Fasan (10.2-37.9 mg AEAC/100 g) (Meda et al. 2005 ) multifloral honeys.
The MRPs were present at higher levels (P \ 0.000) in the honeydew honeys. The MRPs are formed through interactions of free amino acids/proteins and reducing sugars during ripening of honey and comprise diverse groups of compound including pyrazines, furans and high molecular weight melanoidins (Brudzynski and Miotto 2011) . Honeydew honeys contain higher levels of free amino acids (Hermosín et al. 2003) and proteins (Table 2) than floral honeys and would, therefore, provide more conducive conditions for the Maillard reaction. Honeydew honeys had darker colors (P \ 0.000) consistent with their intrinsic deep brown and black colors. As noted earlier, honeydew honeys contain higher concentrations of phenols and MRPs with chromophores which absorb strongly in the visible range. The higher absorbance of honeydew honeys has been reported recently (Flanjak et al. 2016) .
The honeydew honeys exhibited higher electrical conductivity, pH, TP and darker colors consistent with these being the most discriminatory parameters between the honeydew and floral types of honeys. These findings along with the characteristic pollen spectra and feedback from the beekeepers strongly support the indicated grouping of the samples as honeydew and floral honeys.
Total phenols and antioxidant assays of honeys and methanolic fractions
The TP and antioxidant capacity of the methanol-extractable phenolic fractions were compared to those of the entire honeys at iso-phenol levels to assess the contribution of the methanol-extractable phenol fraction to the overall antioxidant activity of the honeys. The TP, as determined by the Folin-Ciocalteau reagent, of the honey extracts were lower than those of the corresponding honeys though the differences did not reach statistical significance (P [ 0.05) ( Table 3 ). The lower TP of the extracts could be attributed to the removal of some water-soluble phenols in the early eluates during isolation of the methanolic fraction (Gheldof et al. 2002) and/or the presence of other reducing substances in the honey that react strongly with the FolinCiocalteau reagent (Ferreira et al. 2009 ).
The antioxidant capacity of foods is determined by different tests to capture the different mechanisms through which antioxidative compounds exert their action. These tests should reflect the ability of antioxidants to quench radicals by hydrogen transfer, reduce radicals through electron transfer and protect cells against oxidative damage (Tabart et al. 2009 ). In the present work, the antioxidant capacity of the whole honeys and their methanolic extracts was determined by a combination of hydrogen transfer (ORAC) and electron transfer (TEAC/ABTS, SOD) assays, antioxidant contents, and protection of RBCs against hemolysis by free radicals. The honeydew honeys exhibited higher antioxidant activity than their floral counterparts (P \ 0.05) in all the antioxidant assays (Table 3 ). The higher antioxidant capacity of the honeydew samples could be attributed to their higher contents of total phenols (Table 3) , MRPs (Table 2) , and their higher pH (Table 2 ) which promotes ionization of the indigenous organic acids thereby leading to stronger chelation of metals and concomitant potentiation of the antioxidant activity of phenolic compounds. Honeydew honeys have been recently reported to exhibit higher antioxidant capacity than floral honeys by the DPPH and ferric reducing antioxidant power (FRAP) assays (Flanjak et al. 2016) .
The honey samples had higher antioxidant activity than their corresponding extracts in the ABTS, ORAC and SOD assays, and antioxidant contents, and while the differences were significant (P \ 0.05) in the honeydew samples, the differences in floral samples did not reach statistical significance except in the ORAC assay (Table 3 ). The superior antioxidant capacity of the honey samples could be related to the contribution of the components removed in the early elutions of the Amberlite XD-2 column during extraction of the methanolic fraction. To this end, the water-soluble phenolics in the early eluates from the column have been reported to possess strong antioxidant properties by the ORAC test (Gheldof et al. 2002) . Further, the proteins of honey which are removed in the early washings have been reported to possess antioxidant activity in the DPPH and FRAP (Chua et al. 2015) and ORAC (Gheldof et al. 2002) assays. Moreover, the carotenoids of honey are known to possess electron transfer and hydrogen transfer capacities and to potentiate the antioxidant activity of honey phenolics (Han et al. 2012) .
The honey samples and their extracts protected RBCs against oxidative damage but the differences in the protective effects did not reach statistical significance (P [ 0.05) ( Table 3 ). The observed lack of differences in the potency of honeys and their extracts might be related to the nature of phenolic compounds operative in the protection of RBCs against damage. Work with pure compounds (Tabart et al. 2009 ) and honey extracts (AlvarezSuarez et al. 2012 ) strongly suggests that flavonoids and phenolic acids incorporate into the hydrophobic core of the cell membrane where they act as fillers imparting rigidity to the membrane in addition to scavenging the free radicals involved in the oxidation of lipids. In addition to their protective effects on cell membranes, the flavonoids diffuse to the cytosol where they curtail the activity of the oxidative enzyme SOD and prevent depletion of glutathione thereby protecting the cellular organelles against damage by free radicals. The methanolic extracts of honeys are chiefly comprised of flavonoids and phenolic acids (Alvarez-Suarez et al. 2012; Can et al. 2015) and the observed similarities in the potency of honey and extracts in protecting RBCs suggest that these compounds are largely responsible for the functionality honey with the other antioxidant principles of honey (high molecular weight phenols, MRPs, proteins, carotenoids, ascorbic acid) assuming marginal roles in this assay. The magnitudes of the protective effects of honeys on RBCs against oxidative damage were similar to those reported for South African honeys (Serem and Bester 2012) . (Sun and Tanumihardjo 2007; Tabart et al. 2009 ). Within this framework, data from the different antioxidant assays for the honeys and their corresponding extracts were normalized and the resulting z-scores were averaged to yield the relative antioxidant capacity indices (RACI) (Sun and Tanumihardjo 2007) . The RACIs of the honeys and their corresponding extracts exhibited very similar patterns ( Fig. 1 ) with correlation coefficients of 0.9774 (P \ 0.001) and 0.9937 (P \ 0.001) for the honeydew and floral pairs, respectively. These findings indicate that the antioxidant activities of honeydew and floral honeys are very closely mimicked by their methanol-extractable phenolic fractions. Recently, very strong relationships (r = 0.9043-0.9978) between TEAC values (ABTS assay) of honey and its methanolic extract have been reported for a set of 56 honey samples (Sancho et al. 2016 ).
Conclusion
The nectar honeys were overwhelmingly multifloral reflective of the high floral biodiversity, absence of large swaths of land supporting a major crop/vegetation in Lebanon and the practice of moving beehives to different areas to exploit the different flowering periods in the country. In addition to having higher pH and darker colors, honeydew honeys contain more total phenols and Maillard reaction products and possess higher antioxidant capacities and ability to protect red blood cells against oxidative damage than floral honeys. Further, the Lebanese honeys exhibited, in general, comparable antioxidant potential to honeys from other parts of the world thereby making them a useful source of dietary antioxidants. At iso-phenol levels, the methanol-extractable phenolic fractions obtained by fractionation of honeydew and floral honeys exhibited lower antioxidant capacity than the entire honeys. The antioxidant capacity of entire honeys is modulated by flavonoids, phenolic acids, higher molecular weight polyphenols, proteins, carotenoids, ascorbic acid and Maillard reaction products and synergistic effects among these constituents. However, when compared at iso-phenol levels the methanol-extractable fraction comprising chiefly the flavonoids and phenolic acids exhibited similar antioxidant functionality including the ability to protect red blood cells against oxidative damage as the entire honey in both honeydew and floral honeys. The observed correspondence in antioxidative behavior suggests that the methanolic fraction could effectively mediate the therapeutic effects of honey. Further, the methanolic fraction serves as a concentrated source of foodgrade flavonoid and phenolic acids thereby extending the range of applications of honey in food systems. 
